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Localization that occurs at the end of the tensile test of a ductile 316L stainless steel has been followed in
detail by in-plane Electronic Speckle Pattern Interferometry (ESPI). A global description of the whole
strain-rate ﬁeld with an analytical function and physical descriptors such as band width, band inclination
and maximum strain rate is proposed. The description with two straight bands of constant amplitude
along the width of the specimens is valid from the beginning of the diffuse necking to the fracture of
the specimens. It allows distinguishing between two localization scenarii which occur for specimens with
a different width to thickness ratio, one with a fracture inclined along the width and the other with a frac-
ture inclined in the thickness. For the former, the two bands keep a constant angle while for the latter, the
two bands rotate progressively until they become perpendicular to the tensile direction. The bandwidth
can be deﬁned and monitored during the whole necking evolution.
 2013 Elsevier Ltd. All rights reserved.1. Introduction The recent development of photomechanical methods such asPlastic strain localization phenomena, such as necking, Piobert–
Lüders bands, Portevin–Le Châtelier effect, may cause signiﬁcant
problems in metalworking processes. Necking, in particular, occurs
when the work-hardening rate decreases under a certain threshold
and causes the plastic ﬂow to become instable. The onset of neck-
ing is well referenced in the literature but relatively few studies are
devoted to the evolution of the neck between the onset and the
fracture of the specimens, especially from the experimental point
of view.
The aim of the present paper is to introduce a high resolution
method to:
 Monitor the evolution of the strain rate ﬁeld during necking
development.
 Extract from the data some global features such as band width,
band amplitude and band inclination without reference to any
theoretical or numerical model.
It will be shown that the complex pattern formed by the strain rate
ﬁeld can be described quantitatively as the mere addition of two
bands with constant amplitude across the width of the specimen.
Two examples are given on two specimens with different aspect
ratio of the cross-section.moiré interferometry, grid method, Digital/Electronic Speckle Pat-
tern Interferometry (DSPI/ESPI), Digital Image Correlation (DIC),
fringe projection or infrared thermography has triggered a series
of experimental studies on strain localization phenomena. A brief
review is given below.
Some pioneering work was performed by Toyooka and Gong
(1995), Gong and Toyooka (1999), Suprapedi and Toyooka, 1997,
Yoshida and co-workers (Yoshida et al., 1998, 1999; Yoshida,
2000) or Vial-Edwards and co-workers (Vial-Edwards et al.,
2001) who used ESPI to observe heterogeneous strain patterns at
various stages of a tensile test. However their exploitation of fringe
patterns remained purely qualitative albeit correlated to the
stress–strain curve of the specimen. Guelorget and co-workers
(Guelorget et al., 2006) showed that ESPI was sensitive enough to
detect the localization onset before the Considère criterion
(Considère, 1885) of maximum force. In their work, ESPI fringes
were exploited quantitatively to obtain the strain rate evolution
during necking development. It was shown that necking corre-
sponds to a sharp acceleration of the local strain rate. Indeed, the
evolution of strain rate after the onset of necking is very similar
to the evolution of the void fraction which was observed with
microtomography by Maire and co-workers (Maire et al., 2008).
This work was extended to the monitoring of strain rate by ESPI
during bulge testing of metal sheets (Montay et al., 2007a,b; Wang
and Liu, 2010). In specimens in which a nanocrystallized surface
layer was created by severe plastic straining, it was shown, by
following the strain rate by ESPI, that the thin hardened layer could
Fig. 1. Experimental setup: in-plane speckle interferometer and micro-tensile
machine. The laser beam path is schematized as a green line. (For interpretation of
the references to colour in this ﬁgure caption, the reader is referred to the web
version of this article.)
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affect the neck development (Petit et al., 2011).
Matic and co-workers have used a direct video imaging of spec-
imen shape to analyze the neck evolution (Matic et al., 1988). Geo-
metrical moiré was used as early as 1966 by Theocaris and
Marketos to obtain contour plots of sheets thicknesses during
necking (Theocaris and Marketos, 1967). Diffuse and localized
necking evolutions were followed by Cordero and co-workers in
an aluminum 1100 specimen by moiré interferometry (Cordero
et al., 2005) and in a brass specimen by fringe projection (Cordero
et al., 2010). Chrysochoos and Louche used infrared thermography
(Chrysochoos and Louche, 1998) in conjunction with DIC (Chryso-
choos and Louche, 2000) to monitor the progressive localization of
strain during the tensile test of a steel specimen. Although neutron
diffraction is not stricto sensu a photomechanical method, it can be
mentioned that Baczmanski and co-workers (Baczmanski et al.,
2011) have used it to investigate the evolution of grain stresses
and damage inside the neck of a tensile specimen of duplex stain-
less steel and showed a decrease of stress in the damaging ferrite
phase.
Digital Image Correlation (DIC) is one of the most extensively
used techniques to study plasticity and damage beyond strain
localization in smooth or notched specimens. Wattrisse and co-
workers have shown that necking is a progressive phenomenon
and that strain rate is a relevant quantity to monitor its evolution
(Wattrisse et al., 2001a,b). Several studies, devoted to the identiﬁ-
cation of constitutive behavior, used DIC, in conjunction with Finite
Element Modeling, to get information in the localized area (Kajberg
and Lindkvist, 2004; Coppieters et al., 2011; Kamaya and Kawaku-
bo, 2011; Tardif and Kyriakides, 2012). Others works investigated
some speciﬁcities of necking phenomenon: Dunand and Mohr
(2010) have studied the inﬂuence of stress triaxiality on the strain
to fracture for notched specimens and specimens with a hole while
Ding and co-workers (Ding et al., 2013) have used DIC to analyze
quantitatively the inﬂuence of the global strain rate on the onset
of diffuse and localized necking of high strength steel. DIC was also
used to experimentally identify damage evolution in the localized
area (Wu et al., 2011).
The point of view developed in the present article is to extract
directly some global features to describe the localization phenom-
ena without using a priori a constitutive model of the material. A
particular emphasis is put on the evolution of bands widths during
necking development. Being model independent, the results of the
present study can be used to validate local or non-local ductile
damage models.
Indeed, very little work has been done, to speciﬁcally study the
experimental evolution of the width of the localization zone during
a mechanical test, with or without the help of a numerical model.
Berthaud and co-workers used Acoustic Emission to determine the
width of localization zones in concrete and found that it was about
5 times the largest size of heterogeneities (Berthaud et al., 1991).
An internal length was also measured in concrete by Bazˇant and
Pijaudier-Cabot with an indirect method which compares the glo-
bal behavior of two specimens, one restrained to promote diffuse
damage and the other not restrained to let damage localize (Bazˇant
and Pijaudier-Cabot, 1989). It was found that it was about 3 times
the largest size of heterogeneities. Belnoue and Korsunsky, 2012
implemented a ﬁnite element model using two parameters, the
non-local radius and a mixture parameter between the local and
the non-local strain, to calculate the width of the localization zone,
which, in their case, does not evolve with strain. They used Digital
Image Correlation to calibrate their model but not to actually fol-
low the width. Guelorget and co-workers have used ESPI to analyze
the progressive narrowing of the localization band and compared it
to a topographic measurement (Guelorget et al., 2009). They also
found that the width obtained by ESPI was about one order ofmagnitude larger than the width obtained from Young’s modulus
variations obtained by instrumented indentation and attributed
to damage variations (Guelorget et al., 2007).
The width and the shape evolutions of the localization band can
be controlled by the behavior of the material, in the framework of a
non-local constitutive behavior (Niordson and Tvergaard, 2005), or
by structural effects (Tvergaard, 1993; Okazawa, 2010). The
authors of the present paper believe that a characterization
through global parameters can help analyzing these phenomena,
especially for structural effects. In the present paper an example
is given for two specimens with different aspect ratios of their
cross-section. It will be shown that their behavior can be followed
and distinguished during necking thanks to phase-shifting ESPI
and a global description of the displacement/strain ﬁeld.2. Electronic Speckle Pattern Interferometry (ESPI)
Electronic Speckle Pattern Interferometry (ESPI, also called Dig-
ital Speckle Pattern Interferometry DSPI) is a technique that is
widely used to measure full-ﬁeld deformation on surfaces of many
kinds of objects (Jones and Wykes, 1989; Cloud, 1995; Jacquot,
2008). ESPI is a non-contacting displacement measurement meth-
od used on rough surfaces. The speckle interferometer used in this
study is a classical two beams interferometer sensitive to in-plane
displacements known as a Leendertz set-up. The sensitivity vector
~s is parallel to the tensile direction. It is deﬁned by ~s ¼~k1 ~k2,
where ~k1 and ~k2 are the directing vectors of the two incoming
beams (Fig. 1). The laser beam was separated into two beams by
a beam-splitter and directed towards the specimen by mirrors,
where they interfere. Between the mirrors and the specimen, each
beam was expanded by a lens and ﬁltered through a 15 lm diam-
eter pinhole in order to cover the entire sample and get rid of high
spatial frequencies. The speckle pattern is a seemingly random dis-
tribution of intensity arising from multiple interferences of the la-
ser light on the microtopography (roughness) of the specimen
surface. Due to the spatial coherency of the laser light, this pattern
contains information on the position of the points of the surface
through a quantity called the phase. A CCD camera (1280
pixels  960 pixels, monochromatic, 8 bits) mounted with a
542 J. Petit et al. / International Journal of Solids and Structures 51 (2014) 540–550microscope objective (numerical aperture: 0.12, focal distance:
30.8 mm) is used to record the speckle patterns.
To obtain the displacement, two phase maps are recorded: one
in the reference state and another one in the deformed state. The
subtraction of these two maps gives a phase difference which is
proportional to the displacement between the two states.
In this study, to obtain phase maps, a temporal phase shifting
method is used. The optical path of one of the beams is varied by
moving a mirror mounted on a piezo-translator. A set of images
(speckle interference patterns) corresponding to the given phase
shifts is recorded. In the present study, four phase steps (i = 1 to
4) are used. For each phase step i, the intensity recorded in one pix-
el of the image located at position (x, y) is:
Iiðx; yÞ ¼ I0ðx; yÞð1þ cðx; yÞ cosð/ðx; yÞ þ D/iÞÞ: ð1Þ
I0(x, y) is the average intensity in the pixel, c(x, y) describes the
fringe contrast and /(x, y) is the optical phase to be determined.
D/i is the known phase shift imposed by the piezo-translator.
/ðx; yÞ is calculated in each pixel with:
tan/ðx; yÞ ¼ I
1ðx; yÞ  I3ðx; yÞ
I2ðx; yÞ  I4ðx; yÞ : ð2Þ
The value of /(x, y) is the sum of two terms, one which seems ran-
dom and is due to the complex interferences of the laser beams
with the microtopography (roughness) of the surface, and another
one due to the displacement of point (x, y). The ﬁrst one is assumed
not to vary between two loading states so that the phase difference
D/(x, y) between the two states only depends on the displacement
which is obtained from Cloud (1995):
uxðx; yÞ ¼ k2 sinðaÞ
D/ðx; yÞ
2p
¼ sD/ðx; yÞ
2p
: ð3Þ
k is the wavelength of the laser light and a is the illumination angle
(Fig. 1). In our case k = 632.5 nm and a = 45. The quantity s is called
the sensitivity of the interferometer. It is equal to 0.447 lm/fringe,
in our case. In practice, the term due to the microtopography is not
perfectly constant due to vibrations, slight changes of roughness or
air movements. This fact generates an optical noise which reduces
the visibility of interference fringes. Errors due to the fact that the
beams are not collimated were estimated in a previous paper (Petit
et al., 2011), which showed that they are negligible in practice. In
the same article, it is also demonstrated that uncertainties on the
observation angle of the camera has no inﬂuence on the in-plane
displacements measurements. Note that no preparation of the sur-
faces of the specimens was performed for ESPI measurements. The
surfaces were sufﬁciently rough to generate the speckle patterns
and not too much to keep the plane surface hypothesis and avoid
a premature localization.
In fact, phase maps obtained from Eq. (2) are not directly con-
verted into displacement maps using Eq. (3) because they are
wrapped, i.e. phase values are only known modulo 2p. On phase
maps, the values are coded on 256 gray levels where / = 0Fig. 2. (a) Example of a fringe pattern obtained after subtraction of two phascorresponds to a gray value of 0 (black) and / = 2p corresponds
to a gray value of 255 (white). The phase jumps, occurring each
2p, correspond to an abrupt transition between white and black.
They are called phase fringes as can be observed in Fig. 2(a). An
unwrapping operation (Ghiglia and Romero, 1996) is performed
to suppress the phase jumps and obtain a continuous phase map
which is converted into a displacement map using Eq. (3).
The interpretation of the fringe patterns in Figs. 4 and 5 is then
straightforward. Parallel, straight and equidistant fringes corre-
spond to a displacement ﬁeld evolving linearly along axis~x (paral-
lel to the sensitivity vector ~s; i.e. to a uniform exx strain. When
strain localization occurs, fringes exhibit a more complex pattern
where fringes are denser in areas of stronger strain gradients. So,
although fringe patterns represent the displacement between
two states (the two instants at which the two sequences of 4
images were taken), they are better interpreted in terms of strain
or, even better, in terms of strain rate: where fringes are closely
packed the strain rate is high, where they are distant the strain rate
is low, where they disappear the strain rate is null.
Without interpolation, the theoretical spatial resolution of the
method is one pixel because the information on the displacement
is carried by the intensity of each pixel. In practice, the resolution is
lower if a ﬁlter is used to eliminate part of the optical and elec-
tronic noises. In our case, ﬁlters were based on kernels of 5  5 pix-
els. The theoretical resolution in terms of displacements is equal to
s/2n, where s is the sensitivity of the set-up and n is the number of
bits used by the camera to code the intensity of the light. In our
case s = 0.447 lm/fringe and n = 8. This gives a resolution of
1.8 nm. In practice, the resolution is limited by the optical and elec-
tronic noises which decrease the number of gray levels that can be
distinguished in one fringe. In the present study, more than 10 gray
levels can easily be observed in most of the phase maps which
gives a resolution on displacement values higher than 45 nm.3. Experiments
Two types of specimens made of faced centered cubic (f.c.c.)
austenitic 316L stainless steel were investigated. The ﬁrst one
(Fig. 3(a)), named ‘‘specimen 1’’, was cut in a 0.5 mm thickness
sheet along the rolling direction. The second one (Fig. 3(b)), named
‘‘specimen 2’’, was cut in a 1 mm thickness sheet, also along the
rolling direction. The widths of these samples were also different,
leading to a width/thickness ratio of 10 for the specimen 1 and
3.6 for the specimen 2. The two samples are weakly textured with
an average grain size of about 20–30 lm.
The tests were performed on a 5 kN capacity Kammrath and
Weiss microtensile machine at a crossbeam speed varying from
5 lm s1 at the beginning of experiments to 0.1 lm s1 at the
end. The speed was decreased gradually just before reaching the
maximum force and kept constant all along the diffuse necking in
order to obtain high quality ESPI fringes. The machine is equipped
with two crossbeams moving symmetrically so that the center ofe maps. (b) The same map unwrapped and converted into displacement.
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localization does not necessarily occurred near the center of the
specimens, because specimens are long enough with an uniform
cross-section to cause necking wherever along the specimen gage
length, except near the heads because of boundary conditions.
The camera is motionless and all the patterns are represented in a
ﬁxed reference system linked to the interferometer (Eulerian
representation).
A ﬁrst qualitative study of the deformation evolution can be
done from the fringe patterns. In Figs. 4 and 5, some fringe patterns
for the two specimens are given with the moment on the tensile
curve when they were recorded and the time elapsed betweenthe two corresponding phase maps. The position on the tensile
curve is the total strain, i.e. the rational strain accounting for the
elastic part and the plastic part of the deformation, obtained from
the crossbeam displacement.
At the beginning of the test, straight, equidistant fringes which
are perpendicular to the tensile direction can be observed which
means that the deformation is homogeneous. Diffuse neck is de-
tected with heterogeneous spacing of the fringes and, later on, with
their curvature (Petit, 2010). Then, both specimens exhibit fringes
with an hourglass shape which means that the strain rate is higher
at the center than at the edges. However, a difference in behavior
appears at the end of the test:
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maps used to compute the pattern.
1mm
54°44’
Fig. 6. Picture of the fracture of the specimen 2 taken in the plane ð~x;~zÞ. The
theoretical localization band inclination of 5444’ for an isotropic material is
depicted on the picture.
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the hourglass shape turns into an X shape, showing two locali-
zation bands. Then one band ‘‘wins’’ over the other and the
fringe pattern exhibits a slash shape. The ﬁnal crack is inclined
in the plane of the specimen, with an inclination angle close to
55 with respect to the tensile direction.
 For specimen 2 (aspect ratio equal to 3.6), the hourglass shape
remains stable until the fracture of the specimen. In the plane
of the specimen, the ﬁnal crack is perpendicular to the tensile
direction. In fact, it is inclined of about 55 with respect to the
tensile direction in the thickness of the specimen (Fig. 6).
Many additional tests, not shown here, were performed with
various width/thickness ratios. They showed that the transition be-
tween the two modes of necking was found around a width/thick-
ness ratio of 5 for the studied 316L stainless steel.
This analysis is consistent with the analysis of Bijlaard (1940)
and Hill (1952): the angle of 54.7 corresponds to the zero strain
direction in a purely plastic isotropic sheet in uniaxial tension.
This dependency of the localization scenario on the aspect ratio
of the cross-section was analyzed by Tvergaard with a 3D ﬁnite
elements model and a constitutive behavior which includes void
growth (Tvergaard, 1993). He found that, for the speciﬁc behavior
used, the transition between a ‘‘sheet-like’’ localization and a
‘‘bar-like’’ localization occurs for aspect ratios between 6 and 3.
Okazawa performed numerical simulations with a structural
bifurcation analysis without initial imperfection for aspect ratios
of 4 and 20 and found similar results (Okazawa, 2010). In the case
of a ratio of 4, his simulations predicted the appearance of a dimple
similar to the one shown on the last picture of Fig. 5.
The analysis of fringe patterns presented above only allows
discriminating between the two localization scenarii, however,
they contain quantitative information about the neck evolution
that will be analyzed in Section 4.4. Strain rate maps analysis
4.1. Determination of the strain rate maps with a local algorithm
The ESPI technique gives displacement maps, or more precisely,
velocity maps. These velocity maps give the average velocity for
each pixel during Dt, the time elapsed between two phase images,
of the order of few tens of seconds when the crossbeam speed is
0.1 lm s1. It was checked that the averaging has negligible inﬂu-
ence on the quantitative results.
To obtain strain or strain rate maps, the displacement or veloc-
ity maps have to be differentiated, for instance with a ﬁnite differ-
ence scheme:
exxðx; yÞ ¼ uxðxþ Dx; yÞ  uxðx; yÞDx ; ð4Þ
_exxðx; yÞ ¼ uxðxþ Dx; yÞ  uxðx; yÞDt Dx : ð5Þ
Dx is the distance between two pixels (approximately 5.1 lm). An
example of a raw result on specimen 1 at 53.0% of total strain
Fig. 8. Plot of one part of the PV function related to the band i and associated
physical parameters. ci is linked to ai by ci = arctan(ai).
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exhibits a strong noise but shows clearly the X shape of the locali-
zation pattern. After ﬁltering with a Gaussian ﬁlter followed by an
adjacent averaging smoothing ﬁlter, with a 11  11 pixels kernel,
the result is more smooth (ﬁg. 7(b)). The contours of the zones with
varying strain rate can be clearly distinguished: an inclined zone
with a strain rate above 1.1  103 s1 can be observed, surrounded
by two bands in which the maximum strain reaches 0.8  103 s1.
In the remaining part of the specimen the strain rate is close to zero.
Other differentiation methods were tried: ﬁnite difference of
higher order or gliding least-squares ﬁtting of polynomials on dis-
placements values using the Savitzky–Golay method (Savitzky and
Golay, 1964) followed by analytical differentiation and then fol-
lowed or not by smoothing ﬁlters. The ﬁnal quality of the obtained
strain rate maps was not signiﬁcantly improved.
A collection of maps was thus obtained, showing the evolution
of the localization phenomenon during the mechanical test but did
not allow extracting additional information without the recourse
to ﬁnite element or theoretical modeling. This motivated the devel-
opment of a different strategy to extract global parameters carry-
ing a physical meaning as will be seen in the next section.
4.2. Determination of the strain rate maps with a global modeling
In order to obtain a global model of the strain rate pattern, it was
assumed that it could be described by a system of two inclined
bands with a strain rate distribution which is constant along the
length of the band. The strain rate distribution across the band,
along x, is described by a bell-shaped function called a pseudo-Voigt
(PV). This function, widely used in X-ray diffraction is a linear mix-
ture of a Gaussian and of a Lorentzian (or Cauchy) functions. It al-
lows a ﬂexible description of experimental data because the
Gauss component has a blunt top and quickly decaying tails while
the Lorentz component has a sharper top and slowly decaying tails:
gaussða; b;B; x; yÞ ¼ exp p x ay b
B
 2 !
; ð6Þlorentzða; b;B; x; yÞ ¼ 1
1þ p xa ybB
 2 : ð7Þ
a is the inclination of the band with respect to the tensile direction
(x), b is the location of the band on the image and B is the integral
width of the band.Fig. 7. Strain rate maps obtained on specimen 1, for a total strain of 53%, by direct dif
ﬁltering (b) after ﬁltering. The color scale goes from 0 to 1.3  103 s1. Irregular areasThe whole strain rate map can then be described by the follow-
ing function:
_exxðx; yÞ ¼ _emax1 ðg1 gaussða1; b1;B1; x; yÞ
þ ð1 g1Þlorentzða1; b1;B1; x; yÞÞ
þ _emax2 ðg2 gaussða2; b2;B2; x; yÞ
þ ð1 g2Þlorentzða2; b2;B2; x; yÞÞ: ð8Þ
The indices 1 and 2 correspond to each localization band. x and y are
the coordinates of a point (pixel) at the surface of the specimen. The
meaning of the parameters, by setting i = 1 or 2, is:
- _emaxi , the maximum strain rate in band i (also called intensity in
Fig. 12),
- gi and 1gi, the weights of the Gaussian and Lorentzian func-
tions describing the strain in band i with gi ranging between
0 and 1,
- ai, the inclination of band i with respect to the tensile axis,
- bi, the ordinate at the origin allowing to locate the band i on the
image,ferentiation of the displacement image coming from fringe unwrapping, (a) before
around line 500 are artifacts due to pen marks.
0300
600
900
1200
1500
1800
0 10 20 30 40 50 60
Fo
rc
e 
(N
)
εtot (%)
°
°
°
°
°
°
°
Fig. 10. Tensile curve force–deformation superimposed with a sequence of strain rate maps relative to specimen 1. The dotted lines represent the x = ai y + bi (i = 1, 2) straight
lines found by the least square ﬁtting of the pseudo-Voigt model.
y = 500 
200 400 600 800 1000 1200
0.5
1
1.5
2
Displacement (µm)
x (pixel)
Δt. PV (x,500)
Experimental 
points line
Fig. 9. PV function ﬁtting on the line at the ordinate y = 500 pixel of the unwrapped image (on the right hand side) for the specimen 1 at 52.8% of total strain.
546 J. Petit et al. / International Journal of Solids and Structures 51 (2014) 540–550- Bi, the integral width of the band i.
The time Dt elapsed between two phase images is implicitly con-
tained in the terms related to the maximum strain rate. It is clear
that the parameters _emaxi , ai and Bi are related to intrinsic physical
quantities of the localization bands. In addition, their global char-
acter comes from the fact that they are determined by a ﬁtting over
the whole zone where the necking takes place. A part of the
pseudo-Voigt function related to one band is plotted in Fig. 8,
where each physical parameter is represented.To avoid a numerical differentiation of the unwrapped fringe
patterns, the primitive of the PV function is directly ﬁtted by a non-
linear least square minimization on the displacement maps to ob-
tain the 10 parameters. The minimized quantity is thus:d2 ¼ uxðx; yÞ  Dt
Z
map
_exxðx; yÞdx
 2
: ð9Þ
The parameters describing the pattern with two bands of incli-
nation a1 and a2, of width B1 and B2 and of amplitude _emax1 and _emax2
J. Petit et al. / International Journal of Solids and Structures 51 (2014) 540–550 547are obtained directly as the result of the least square process.
Examples of the resulting maps are shown in Figs. 10 and 11.
4.3. Goodness of ﬁt of the global model
The use of a global model to describe experimental data is legit-
imate only if after least square ﬁtting the experimental points are
randomly scattered around the analytical model. This is the case in
the present study as can be seen on the example of Fig. 9 where a
very good ﬁtting of the displacement is found at the line y = 500
pixel (approximately the middle of the image). On each line at
the ordinate y, the distance between experimental and model val-
ues is between 2% and 3% of the average displacement, for the most
of the displacement maps. Larger errors of 5% to 10% appear on the
last maps before fracture due to unwrapping problems.
Consequently, the use of the pseudo-Voigt function is fully jus-
tiﬁed to describe the distribution and the level of the strain rate
during necking. It can be noted that, although this method enables
to ﬁlter efﬁciently the measurements noise, there is a risk to screen
some strain ﬂuctuations which could have a physical sense. On the
last image of Figs. 4 and 10, when one of the bands vanishes into
the noise, the ﬁtted parameters may not be really meaningful.
4.4. Results and discussion
The Figs. 10 and 11 show, for the specimen 1 and 2, respectively,
a sequence of strain rate maps _exx obtained from ESPI fringe pat-
terns ﬁtted by the pseudo-Voigt model. The band inclination is re-
ported on the images. Note also that the maximum strain rate is
different for all maps, although the same color range is used for
each corresponding scale. It will be displayed in Fig. 12 (intensity).0
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Fig. 11. Tensile curve force–deformation superimposed with a sequence of strain rate ma
lines found by the least square ﬁtting of the pseudo-Voigt model.Several features that could not be observed on fringe patterns
are now appearing:
 The strain rate maps can be described, from the beginning of the
diffuse necking on, with a system of two inclined bands.
 Even if there is a strong gradient of strain rate along the width y
of the specimens, the whole pattern can be described by two
bands with a constant strain rate distribution along their length.
The maximum strain rate appears where the two bands cross. It
is remarkable that the strain rate at any point of the necking
zone can be determined by a simple arithmetic sum of the
strain rates of two bands with a constant distribution along
their length.
 When the diffuse neck starts, the two specimens exhibit an
hourglass shape that corresponds to two band inclined of about
55–59 with respect to the tensile direction. These angles are
neither visible with the naked eye or on the raw fringe patterns.
As mentioned in section 3, they correspond to the zero strain
direction for a uniaxial stress loading which is 54.7 for an iso-
tropic material (the angle of 59would correspond to a Lankford
coefﬁcient of 1.24).
 For specimen 1, the orientation of the bands remains constant
at about 59 during the diffuse necking and the localized
necking until one of the bands predominates and the other
vanishes. The ﬁnal fracture appears along the predominating
band.
 For specimen 2, the orientation of the two bands starts at 55.
During the diffuse necking and the transition with the localized
necking, they rotate in opposite direction and get perpendicular
to the tensile direction. The intensities (the maximum strain
rate _emaxi ) of the two bands remain nearly equal.0 50 60
°
°
°
°
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Fig. 12. Evolution of the intensity, i.e. the maximum strain rate ( _emaxi ), the width (Bi) and the inclination angle (arctan(ai)) of the localization bands for (a) specimen 1 and (b)
specimen 2.
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two different localization modes. It is now interesting to see how
these evolutions can be described globally and quantitatively by
a small set of parameters with a clear physical meaning:
 the maximum strain rate ( _emaxi ) of each band,
 the width (Bi) of each band,
 the inclination angle (computed from the arctangent of ai) of
each band.
Their evolution versus the total rational strain is given in
Fig. 12(a) and (b) for specimen 1 and specimen 2, respectively.
The evolution of the position bi and of the Gauss to Lorentz ratio
gi is not reported: the former because it is somewhat arbitrary
and the latter because the values were not considered as precise
enough.
On the evolutions of intensity (of maximum strain rate), the two
specimens can clearly be distinguished. For specimen 1, the two
bands evolve at the same rate until about 53.1% strain and then
their evolutions diverge. In one of the bands the strain rate in-
creases rapidly while it decreases in the other band, the initial
symmetry of the test is broken. For specimen 2, the two bands
evolve at the same rate until the end of the test.On the evolutions of bandwidth, the behavior is similar for the
two specimens and for the two bands of each specimen. The band-
width starts with values of the order of a few millimeters, de-
creases rapidly and then seems to stabilize around few
hundredths of micrometers. The data from the present work do
not allow determining if the width tends towards a ﬁnite value
or towards zero. The last two points of band 1 of specimen 1 are
probably not signiﬁcant since this band vanishes and the ﬁtting be-
comes unstable, especially as the shear strain occurring in the pre-
dominant band tends to shift the two parts of the weak band. The
evolution of the bandwidth can be described by an exponential
function ﬁtted by least-squares:
B ¼ B0 exp  e e0ed
 
: ð10Þ
B0 is an ‘‘initial bandwidth’’ which would be the bandwidth for
e = e0, where e0 is the strain at which the applied force is maxi-
mum (46% for both specimens). ed is a strain characterizing the
narrowing rate of the band. e0 is taken from the force–displace-
ment curve while B0 and ed are ﬁtted by least squares. Of course,
the values of e0 and B0 are not independent: e0 was taken at max-
imum force in order to give some physical meaning to B0. The ob-
tained values are:
J. Petit et al. / International Journal of Solids and Structures 51 (2014) 540–550 549 For specimen 1, B0 = 15526 mm with ed = 0.67% and
B0 = 6834 mm with ed = 0.65% for band 1 and 2, respectively.
 For specimen 2, B0 = 748 mm with ed = 1.15% and B0 = 743 mm
with ed = 1.16% for band 1 and 2, respectively.
Adding a constant term to expression (10) was tried but it does
not bring anything, the values obtained for the additional term are
very close to zero or even negative. The values obtained for the ini-
tial bandwidth are quite close for the two bands of each specimen.
They are much larger than the specimen length so that they can
logically be considered as inﬁnite. The values of ed for specimen
2 are about twice those of specimen 1 which means that for the lat-
ter, the bands narrow twice as quickly as for specimen 2. This is
consistent with the fact that, although the diffuse neck starts for
the same strain for both specimens, the ultimate strain of specimen
1 is smaller (53.3%) than that of specimen 2 (55.2%). Let’s note here,
the higher the aspect ratio of the specimen cross-section is, the
shorter the necking is, although equivalent bandwidth is found at
the end of the test for the two specimens.
On the evolutions of band orientation, the two specimens behave
very differently. For specimen 1, the orientation remains very sta-
ble (again, the last two points of the band 1 are probably not signif-
icant) for the two bands. For specimen 2, the two bands are initially
inclined at an angle of 55 with respect to the tensile axis but they
rotate regularly towards 90. The rotation rate even seems to accel-
erate at the end of the test. Of course, as the specimen is held by
the grips, to maintain the average rotation at zero, the two bands
have to rotate in opposite directions.
The proposed description of strain localization with global
parameters enables to raise interesting speculative questions
about necking evolution. Which phenomena control the rotation
and the rotation rate of the localization bands? Which phenomena
control the width and the width variation rate of the bands? To
which extent the width of the neck is related to structural features
such as specimen thickness or to an intrinsic length of the mate-
rial? Indeed, as mentioned in the introduction, the width of the
localization band could be between 3 and 5 time the maximum
size of heterogeneity in the material. In our case, it would lead to
a width of 90 to 150 lm, close enough to the values reached at
the end of the tests.5. Conclusion
Thanks to its high spatial resolution and displacement resolu-
tion, ESPI was successfully used to obtain strain rate maps during
the evolution of necking phenomena. In the case of the studied
316L stainless steel, the heterogeneity in the strain rate ﬁeld was
detected after the maximum force. The strain rate maps obtained
allowed observing different localization scenarii on two specimens
with different aspect ratios (width/thickness) of the cross-section,
respectively 10 and 3.6.
A new method to exploit quantitatively the data was proposed.
A global strain-rate analytical function composed of two bell-
shaped linear bands with constant intensity is used to ﬁt directly
the displacement maps. This function is used from the beginning
of the diffuse necking to the fracture of the specimens no matter
if the fracture occurs along the width or the thickness of the spec-
imen. This description with two bands gives a very good ﬁtting
even when the two band structure is not trivial. It allows extract-
ing, from the strain rate patterns, global parameters with a physi-
cal meaning such as band width, band orientation and band
intensity (maximum strain rate). Although based on existing theo-
retical analysis, the method does not require the help of numerical
models to be applied or to be interpreted. That the complex strain
rate pattern can be described by the simple sum of two straightbands with constant intensity along the width of the specimens
is an original result.
The global parameters were followed quantitatively during the
necking evolution for the two specimens.
The ﬁrst specimen, with a width to thickness ratio of 10, exhib-
its two bands which keep a constant angle until the fracture. The
two bandwidths decrease at the same rate but the strain rate of
one of the band increases rapidly while the other band does not de-
form any longer.
The second specimen, with a width to thickness ratio of 3.6,
presents two bands originally oriented at about ±55 to the tensile
direction but which rotate towards ±90 in opposite directions as
necking proceeds. The two bandwidths and the two intensities
evolve at the same rate until the fracture.
This study shows that a global parameterization of strain maps
acquired with Electronic Speckle Pattern Interferometry (ESPI) al-
lows a relevant analysis of strain localization modes and features
in metallic sheets.Acknowledgement
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